Introduction {#sec1}
============

Seaweed is recognized as a functional food since it is rich in bioactive compounds, such as polysaccharides, polyphenols, and amino acids.^[@ref1]^ Taurine, one of the amino acids, is a component of seaweed, being especially abundant in red algae.^[@ref2]^ In addition to taurine, red algae *Gelidium cartilagineum* contains various taurine-derived compounds, including *N*-methyltaurines (*N*-methyltaurine (NMT, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), dimethyltaurine, and trimethyltaurine).^[@ref3]^ A variety of other taurine derivatives, including [d]{.smallcaps}-glyceryltaurine, rhodoic acid, [d]{.smallcaps}-cysteinolic acid, and cysteamide, have been identified in various types of seaweed.^[@ref4]−[@ref7]^ NMT has been identified in some red algae, such as *Liagora distenta*, *Pterocladia pinnata*, *Gelidium amansii*, and *Laurencia intermedia*.^[@ref8]−[@ref10]^ While some of these algae are used to produce edible products, NMT is present in amounts of 12.6 mmol (1.7 g)/kg dry weight. More recently, NMT was found as the most abundant organic osmolyte in tube worms living deep in the sea.^[@ref11]^ The actions of these taurine-related compounds in mammalian animals remain to be elucidated. Moreover, it is also unclear if these compounds are absorbed by mammalian animals after oral intake.

![(A, B) Structures of (A) taurine and (B) *N*-methyltaurine (NMT).](ao0c01588_0001){#fig1}

While taurine is one of the most abundant free amino acids in mammals, the high concentration of taurine in the human body is maintained through both diet and hepatic biosynthesis.^[@ref12]^ Taurine possesses a variety of biological actions in cells, such as regulation of cellular osmolality, ion movement, neuromodulation, conjugation of bile acid, antioxidation, and regulation of energy metabolism.^[@ref13]−[@ref15]^ Taurine is also important in skeletal muscles for modulation of intracellular calcium concentration and excitation--contraction coupling.^[@ref16]−[@ref18]^ Taurine treatment improves several muscle disorders, such as muscle soreness, muscle cramp, dystrophy, and muscle weakness in mitochondrial disease.^[@ref19]−[@ref22]^ The studies from taurine-deficient mice showed that taurine loss causes several skeletal muscle disorders and accelerates muscle aging,^[@ref23]−[@ref25]^ suggesting an antiaging role for taurine.

Skeletal muscle atrophy is induced by various physical conditions and diseases, such as disuse, aging, cachexia, sepsis, diabetes, chronic kidney disease, and mitochondrial disease. Some of these conditions are associated with an increase in blood glucocorticoid levels, which may associate with muscle atrophy induced in these conditions.^[@ref26]^ While synthetic glucocorticoids are used as anti-inflammatory and immunosuppressive drugs, muscle atrophy is one of the adverse reactions caused by glucocorticoid use.^[@ref27]^ Muscle atrophy occurs when protein degradation exceeds protein synthesis. We have previously demonstrated that taurine attenuates muscle atrophy caused by in vitro exposure to the synthetic glucocorticoid, dexamethasone (Dex).^[@ref28]^ Moreover, taurine deficiency of skeletal muscles leads to skeletal muscle atrophy in taurine transporter knockout mice, suggesting that the richness of taurine in skeletal muscles is necessary to control the balance between protein synthesis and breakdown.

We hypothesized that taurine-derived compounds also have beneficial actions similar to those of taurine, a property likely related to similar chemical structures. In the present study, we investigated the pharmacokinetics and bioavailability of NMT. Following oral administration, NMT is nearly completely absorbed by the mouse, where it is distributed among other tissues. We further tested the effect of NMT against steroid-induced muscle atrophy in mice.

Results and Discussion {#sec2}
======================

Oral Bioavailability of NMT {#sec2.1}
---------------------------

To study the pharmacokinetic parameters and the oral bioavailability of NMT, we tested the serum concentration of NMT after p.o. or i.v. injection of NMT ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Biological fluid was sampled following the injection of NMT. The pharmacokinetic data were calculated by a noncompartmental model, which was used previously to evaluate pharmacokinetic parameters of taurine in rats.^[@ref29]^ Oral bioavailability is defined as the fraction of the dose that reaches the systemic circulation. Blood samples were collected at 10 to 180 min after NMT administration and then examined by HPLC. After i.v. administration of NMT, the area under the time--NMT concentration curve (AUC) was 54.0 ± 3.6 min·μg/mL. After NMT p.o. administration of 0.5 and 5 mg/kg body weight, AUC values were 51.9 ± 4.1 and 315 ± 27.9 min·μg/mL, respectively ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The oral bioavailability values of NMT at 0.5 and 5 mg/kg body weight were 96 and 58%, respectively.

![Plasma NMT--time curves after administration of NMT in mice. (A--C) Plasma NMT level was monitored after (A) intravenous (i.v., 0.5 mg/kg) or (B, C) oral (p.o., 0.5 or 5 mg/kg) administration of NMT. Data are presented as means ± SD of measurements from three mice per dosing group.](ao0c01588_0002){#fig2}

###### AUC and Bioavailability of Intravenously (i.v.) or Orally (p.o.) Injected NMT[a](#t1fn1){ref-type="table-fn"}

  route of administration   AUC~0--180min~ (min·μg/mL)   bioavailability (%)
  ------------------------- ---------------------------- ---------------------
  i.v. (0.5 mg/kg BW)       54.0 ± 3.6                    
  p.o. (0.5 mg/kg BW)       51.9 ± 4.1                   96.1
  p.o. (5 mg/kg BW)         315 ± 27.9                   58.0

Data are presented as means ± standard errors of measurements from three mice per dosing group.

The bioavailability of oral NMT was almost 100%, indicating that the absorption of NMT from the gut into the blood is efficient. Previous pharmacokinetic studies for taurine demonstrated that oral bioavailability is very similar to 1 (100%) in rats.^[@ref29]−[@ref31]^ The taurine transporter (SLC6A6) is responsible for the absorption of taurine from the intestine as well as the uptake of taurine into cells in other tissues.^[@ref32]−[@ref35]^ Importantly, it has been reported that NMT inhibits taurine uptake in brain slices,^[@ref36]^ suggesting that the taurine transporter may have an affinity for NMT and may contribute to the absorption of NMT from the intestine. Meanwhile, the oral bioavailability of 5 mg/kg body weight NMT is almost half of that of 0.5 mg/kg body weight NMT. In the case of the taurine transport system in the human intestine cells, the Km value is 4.8 μM, and the transport activity is almost saturated at 50 μM.^[@ref35]^ Therefore, it is assumable that the administration of high concentration around 5 mg/kg body weight of NMT causes the saturation of the transport system.

Distribution Study {#sec2.2}
------------------

To evaluate the tissue distribution of NMT in mice after administration in the drinking water, the concentration of NMT was measured in tissues and serum 4 days after the original administration ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The tissue concentration of NMT was analyzed by HPLC. NMT was widely distributed in the tissues of mice, including in brain, liver, kidney, heart, and muscles. The tissue concentration of NMT was much higher than that of serum concentration, with one exception, the skin ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

![Long-term NMT treatment on tissue concentration. Tissue NMT concentration after drinking water containing 0.5% NMT for 4 days. NMT was detected in all tested tissues. Data are presented as means ± SD of measurements from three mice per dosing group.](ao0c01588_0003){#fig3}

We confirmed that orally administered NMT is distributed to several tissues, including in liver, kidney, muscles, heart, and brain. The taurine transporter is widely distributed among tissues and plays a main role in the uptake of taurine into cells.^[@ref32]−[@ref35]^ Importantly, the distribution of NMT into various tissues is about 10--100 times higher than the serum concentration of NMT, although skin is an exception. Similarly, tissue taurine concentration is about 100 times higher than blood taurine concentration, a situation that is influenced by the activity and Km of the taurine transporter.^[@ref37],[@ref38]^ These findings also suggest that the taurine transporter contributes to NMT uptake into tissues. Inconsistently, the concentration of NMT in skin is low, while skin might averagely express the taurine transporter gene according to the database for gene expression (<https://www.ncbi.nlm.nih.gov/gene/>). However, based on the immunohistochemical study, the taurine transporter is highly expressed in epidermis, but not dermis, among the skin layers,^[@ref39],[@ref40]^ indicating that the location of the taurine transporter may be involved.

Effect of NMT in Dex-Induced Myotube Atrophy in C2C12 Cells {#sec2.3}
-----------------------------------------------------------

To explore the beneficial effect of NMT against skeletal muscle atrophy in mice, we investigated its protective effect using cultures of C2C12 myotubes. Since the concentration of taurine to treat cultured cells is generally 10 to 20 mM and we expected that NMT would have a similar effect as taurine against muscle atrophy, we used 20 mM NMT in the present experiment. Treatment with Dex for 24 h reduced the width of the myotube, but simultaneous exposure to the medium containing Dex and NMT (20 mM) prevented the decline in myotube width ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A--C).

![Effect of NMT on Dex-induced myotube atrophy in C2C12 cells. Myotubes differentiated from C2C12 myoblasts were treated with Dex or Dex + NMT (10 mM) for 24 h. (A) Representative images for control, Dex, and Dex + NMT groups (bars = 200 μm). (B) Frequency and (C) average values of myotube diameters were calculated from more than 100 myotubes. (C) Data are presented as means ± SD of measurements from more than 100 myotubes per group. Similar results were obtained from three independent experiments. \**p* \< 0.001 vs control, ^\$^*p* \< 0.001 vs Dex alone. (D) Gene expression of Atrogin-1 and MuRF1 in C2C12 myotubes treated with Dex and NMT for indicated time points. The expression level is normalized by the GAPDH mRNA level. Data are presented as means ± SD of four replicates in four independent experiments. \**p* \< 0.05; \*\**p* \< 0.01 vs control.](ao0c01588_0004){#fig4}

Previous reports showed that muscle-specific E3 ubiquitin ligases, Atrogin-1 and MuRF1, are increased by Dex and may play a critical role in muscle atrophy ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D). We tested whether these ubiquitin ligases are involved in the suppressive effect of NMT against muscle atrophy in the C2C12 myotube. NMT did not act by downregulating those genes.

Effect of NMT in Skeletal Muscle Atrophy in Mice {#sec2.4}
------------------------------------------------

Next, to investigate the effect of NMT on skeletal muscle atrophy, a mouse atrophy model induced by Dex was employed^[@ref41]^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Mice were administered with Dex daily (i.p., 10 mg/kg body weight) and maintained on drinking water either with no addition or containing 0.5% NMT. Dex treatment caused a continuous loss of body weight. Administration of 0.5% NMT attenuated body weight loss induced by Dex. Furthermore, NMT attenuated Dex-induced loss in wet weight of both tibial anterior muscle and gastrocnemius muscle.

![Effect of NMT on Dex-induced muscle atrophy in ICR mice. (A) Body weight was monitored after daily Dex injection (i.p., 10 mg/kg BW). Statistical significance was confirmed by two-way repeated-measures ANOVA (days, *p* \< 0.001; treatment (Dex vs Dex + NMT), *p* \< 0.001; interaction, *p* \> 0.05). (B, C) Weight of (B) tibial anterior muscle and (C) gastrocnemius muscle 10 days after starting Dex injections. Data are presented as means ± SD of measurements from three mice per dosing group. \**p* \< 0.01 vs control; ^\$^*p* \< 0.01 vs Dex.](ao0c01588_0005){#fig5}

Muscle atrophy is caused by the activation of proteolytic pathways. Muscle-specific E3 ubiquitin ligases, Atrogin-1 and MuRF1, are increased under atrophy-related conditions, including the glucocorticoids, and they are mainly involved in atrophy.^[@ref42]^ In the present study, we found that NMT did not attenuate the increase in ubiquitin ligase activity mediated by Dex, suggesting that NMT may control other mechanisms. We previously reported similar effects of taurine in Dex-induced muscle atrophy in the C2C12 myotube despite no effect on gene expression of ubiquitin ligase.^[@ref28]^ Compatible osmolytes, including taurine, contribute not only to the regulation of cell volume but also to the thermal stability of proteins.^[@ref43]−[@ref46]^ Taurine excludes bulk water from proteins to weaken the water--protein interaction as well as directly interact with the proteins to stabilize their folding.^[@ref44],[@ref46],[@ref47]^ Importantly, muscle taurine depletion results in muscle atrophy accompanied by the activation of the unfolded protein response,^[@ref24]^ suggesting the importance of osmolytes in preventing atrophy. While taurine can weaken the structure of water around proteins, SO~3~^--^ is involved in weakening the water structure.^[@ref44]^ Therefore, it is possible that NMT can play a similar role in cells. It is also possible that taurine mediates these actions by improving the mitochondrial function. Taurine forms a conjugate with tRNA^Leu(UUR)^, which ensures normal mitochondrial protein synthesis and viability of the electron transport chain.^[@ref48]^ Mutations that interfere with the formation of the taurine conjugate lead to the development of severe myopathy characterized by muscle wasting. Thus, impaired energy metabolism and the formation of reactive oxygen species by the mitochondria may also contribute to the development of muscle atrophy, as seen in the mitochondrial disease MELAS.

Conclusions {#sec3}
===========

NMT attenuates glucocorticoid-induced muscle atrophy both in vitro and in vivo. While skeletal muscle atrophy is induced by various pathological and physiological conditions, glucocorticoids must interact with these factors to cause skeletal muscle atrophy.^[@ref26]^ Therefore, it is possible that NMT is effective against muscle atrophy caused by various factors. We used a high dose of NMT for both in vivo and in vitro experiments as taurine is abundant in skeletal muscles and is commonly used in high concentrations in many studies.^[@ref28]^ It is because we expected NMT to function in muscle cells via a similar mechanism as taurine, and high concentrations were employed. Nonetheless, we should determine how much NMT is necessary to prevent muscle atrophy in the future. NMT intake from seaweed diet could be a potential strategy to attenuate muscle atrophy. There are some other natural taurine derivatives besides NMT in red algae. Further studies are necessary to clarify the nutritional roles of taurine derivatives.

Experimental Section {#sec4}
====================

Animals {#sec4.1}
-------

All experimental procedures were approved by the Institutional Animal Care and Use Committee of the Fukui Prefectural University. Three-month-old male ICR mice were used for this study. To test the bioavailability of NMT in mice, NMT solution (FUJIFILM Wako Pure Chemical, Osaka, Japan, 10 mg/10 mL in saline) was administered either intravenously (10 mg/kg body weight) or orally (10 or 100 mg/kg body weight). Blood samples were collected from the facial vein (for i.v. injection) or the tail vein (for p.o. injection) at 10, 20, 30, 60, 120, and 180 min after NMT administration.

To measure NMT in the serum and tissues after long-term treatment with NMT, NMT dissolved in the drinking water (0.5%) was given to mice for 4 days. After that, mice were anesthetized by medetomidine (0.3 mg/kg body weight; FUJIFILM Wako Pure Chemical), butorphanol (5 mg/kg body weight; FUJIFILM Wako Pure Chemical), and midazolam (4 mg/kg body weight; FUJIFILM Wako Pure Chemical), and then blood and tissues were collected. Tissues were kept in −80 °C until use.

Measurement of NMT and Taurine by HPLC {#sec4.2}
--------------------------------------

Plasma samples were mixed with an equal volume of 5% sulfosalicylic acid (SSA) containing the internal standard chemical sarcosine (0.1 mM). Tissues in 10 volumes of 5% SSA containing an internal control were homogenized using a Polytron homogenizer. Samples were centrifuged, and the supernatant was filtered with 0.45 μm filters and then neutralized with NaHCO~3~.

NMT was measured by HPLC after derivatization with 9-fluorenylmethyloxycarbonyl chloride (FMOC-Cl) according to a previous report with brief modification.^[@ref49]^ First, equal volumes of *o*-phthalaldehyde (OPA) reagent (5 mM OPA, 23 mM 3-mercaptopropionic acid, 10 mM boric acid, pH 10.4) was added to acid-extracted samples and incubated at room temperature for 1 min for the derivatization of the primary amine. Then, 1 volume of FMOC-Cl reagent (3 mM FMOC-Cl in acetone) was added to the mixture and incubated for additional 1 min for the derivatization of residual secondary amine. After dilution with HPLC mobile phase buffer A (10 mM potassium phosphate, pH 7.3), samples were subjected to HPLC analysis performed on an UltiMate 3000 rapid separation binary system (Thermo Fisher, USA) or Prominence HPLC system (Shimadzu, Japan). Samples were injected into a ZORBAX Eclipse Plus C18 column (Agilent, USA). Mobile phases A (10 mM potassium phosphate, pH 7.3) and B (acetonitrile) were used. The column oven temperature was set at 40 °C. The flow rate of the mobile phase was 1.5 mL/min. The gradient of the mobile phase was increased from 2 to 88% buffer B (from 0.84 to 11.9 min) and was kept at 100% buffer B for 3 min followed by 2% for 15 min. *N*-Methyltaurine derivatized by FMOC-Cl was monitored by a fluorescence detector (excitation: 266 nm, emission: 305 nm) and diode array detector (Shimadzu).

Data Analysis for Pharmacokinetic Parameters {#sec4.3}
--------------------------------------------

Pharmacokinetic parameters were calculated by using R (Package "PK", ver. 1.3-4).

Cell Culture {#sec4.4}
------------

C2C12 mouse myoblasts were purchased from ATCC (American Type Culture Collection) and were cultured in DMEM containing 10% fetal bovine serum. Cell lines were not tested for mycoplasma contamination in the present study. To induce differentiation of the myotubes, cells were cultured in DMEM containing 2% fetal bovine serum for 1 week. After differentiation, cells were treated with Dex (final concentration, 50 μM) with or without NMT.^[@ref28]^ Myotube diameter was measured from microscopic images taken after treatment with Dex.

Dexamethasone-Induced Atrophy Model {#sec4.5}
-----------------------------------

To induce muscle atrophy in ICR mice, Dex was suspended in saline (10 mg/mL), and the mixture was intraperitoneally (i.p.) injected at 10 mg/kg body weight once a day for 10 days.^[@ref41]^ Body weight was monitored daily. Then, mice were euthanized by cervical dislocation, and muscles were isolated from the mice. The isolated tissue was immediately froze in liquid nitrogen and stored at −80 °C.

mRNA Measurement {#sec4.6}
----------------

Total RNA was isolated from C2C12 cells using Sepasol Super G (Nacalai Tesque, Kyoto, Japan), and cDNA was generated by using ReverTra Ace (Toyobo, Osaka, Japan). Quantitative RT-PCR analysis was performed using Applied Biosystems StepOne (Applied Biosystems) with THUNDERBIRD SYBR qPCR Mix (Toyobo). The primers used are as follows: Atrogin-1 forward: 5′-TTCAG CAGCC TGAAC TACGA-3′, reverse: 5′-AGTAT CCATG GCGCT CCTTC-3′. MuRF1 forward: 5′-GCGTG ACCAC AGAGG GTAAA-3′, reverse: 5′-CTCTG CGTCC AGAGC GTG-3′. GAPDH forward: 5′-GCCGG TGCTG AGTAT GTCGT-3′, reverse: 5′-CCCTT TTGGC TCCAC CCTT-3′.

Statistics {#sec4.7}
----------

Student's *t* test and the Tukey--Kramer test (for multiple comparisons) were used to determine statistical significance between groups. Two-way repeated-measures ANOVA performed with EZR software was used to monitor body weight. Differences were considered statistically significant when the calculated *p* value was less than 0.05.
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